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© Structure 

For forming a ferroelectric film consisting of lead zirconate titanate using the sol gel method, a method to 
form a ferroelectric film containing respectively: 

a process (a) for obtaining fatty acid lead [compound]; 
^ a process (b) for obtaining titanium -alkoxide; 

a process (c) for obtaining zirconium* alkoxide having the same alcohol residues as the said titanium- alkox- 

ide; 

and a process (d) for forming lead titanium -double alkoxide and lead zirconium -double alkoxide by mixing 
the aforementioned fatty acid lead, the aforementioned titanium • alkoxide, and the aforementioned zirconium -al- 
koxide. 
Results 

Hydrolysis and the condensation reaction of each of the double alkoxides advance uniformly, the thin P2T 
w film formed has sufficient electrical characteristics such as the display of a smooth surface, a large remanence, 
Q. and a small leakage of current, for example, and satisfies the demanded performance. 
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Industrial application field 

This invention is concerned with a method for forming a ferroelectric film (in particular, a lead zirconate 
titanate (PZT) film) by the sol gel method, a method to manufacture a capacitor (in particular, a capacitor in 
5 a semiconductor memory cell), a method to prepare its source solution, and the source solution. 

Conventional technology 

An ONO film that is structured to have successively laminated Si02, Si 3 N4, and Si02 is used as an 
w insulating film (dielectric film) that makes up a capacitor for memory cells in a dynamic RAM, for example. 

However, the effective dielectric constant of said ONO film is small, at approximately 5, so the thickness 
of the capacitor dielectric film must be made thin under restrictions that concern the size of the area and 
complexity of shape that is required in order to expand the area when a large-capacity memory of less than 
256 Mb is used, thus bringing much difficulty into the process. 
75 Contrary to this, a perovskite crystal structure type of ferroelectric material containing a relatively large 
dielectric constant, from several 100 to-several 1000-,- has been recognized as a future insulating material for 
capacitors in the dynamic RAM. 

For forming a PZT film, referred to as Pb(Zr, Ti)03, among the ferroelectric materials, the sol gel 
method, CVD (chemical vapor-phase growth) method, and the sputtering method, for example, can be used 
20 as the method for forming thin films. Formation by the sol gel method is particularly preferable. When 
forming films by the sol gel method, the quality of the source solution (sol gel solution) prepared 
determines the electrical characteristics of the thin film obtained at the end. 

The method for preparing the source solution (sol gel solution) used in the formation of the Pb(Zr, Ti)03 
thin film by the sol gel method will be explained in Figure 18. 
25 First, the hydrate lead triacetate Pb(CH 3 COC) 2 • 3H 2 0 as the raw material is diluted with a solvent 

(methoxyethanol is often used in many cases, for example) in process 1. 

The water of crystallization of the hydrate lead triacetate is successively eliminated through boiling at 
120-1 60 *C in process 2. 

Next, titanium •isopropoxide Ti{(CH3>2CH0}4 and zirconium •n-butoxide Zr{(CH3(CH 2 ) 2 CH 2 0}* are 
30 added to said lead acetate solution in process 3. Diethanolamine may be added at the same time as a 
stabilizer. 

The mixing concentration of each of the aforementioned elements is also indicated in Figure 18. The 
amount of methoxyethanol used as the solvent is adjusted in the preparatory stage of the source solution, 
so it is not indicated. 

35 Next, a double alkoxide of titanium-lead and zirconium-lead is formed through distillation at 120-1 60 *C 

in process 4. This double alkoxide is presumed 1o be formed in accordance with the reaction formula 
indicated below. 

Pb(CH 3 COO) 2 + Ti {(CH 3 ) 2 CHO}* -*PbTi0 2 {0CH(CH 3 ) 2 } 2 + 2(CH 3 ) 2 CHOCOChfe 
40 Pb(CH 8 COO) 2 + Zr{CH 3 (CH 2 ) 2 CH 2 0}* -PbZr0 2 {OCH 2 (CH 2 ) 2 CH 3 } 2 + 2CH 3 (CH 2 ) 2 CH 2 OCOCH 2 

The concentration is successively adjusted in process 5 by supplementing for the solvent that was 
evaporated in process 4. 

Furthermore, through adding water in process 6 and stirring in process 7, the double alkoxide formed in 
45 process 4 is allowed to undergo hydrolysis and a condensation reaction, then the aforementioned 
polymerization of the metallic oxides is promoted to prepare the sol gel solution. This process is presumed 
to advance in accordance with the reaction formula indicated below. 

Hydrolysis (partial hydrolysis is assumed): 

50 PbTi0 2 (OCH(CH 3 ) 2 } + H 2 0 -*PbTi0 2 {OCH(CH 3 ) 2 } OH + (CH 3 ) 2 CHOH 

PbZr0 2 {OCH 2 (CH 2 ) 2 CH 3 } 2 + H 2 0-PbZr0 2 {OCH 2 (CH 2 ) 2 CH 3 } OH + CH 3 (CH 2 ) 2 CH 2 OH 

Condensation reaction (however, M represents Ti or Zr, and R is -CH(CH 3 ) 2 or -CH 2 (CH 2 ) 2 CH 3 ): 

55 
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PbMO.COR) OH + PbMO, (OR) OH 

►PbMO, -O-MO, Pb+H* O 

I I 
OR OR 

10 In this case, the actual polymerization occurs through the repeated advancing of hydrolysis and 

condensation of the double aJkoxide in the following manner (however, R represents -CH(CH 3 ) 2 or -CH 2 - 
(CH 2 ) 2 CH 3 ). 



75 



Pb-0 Pb-0 

II I I 

O— M-ORfH, 0 - 0— M-OH-hROH 

20 | | 

OR OR 



25 



30 



35 



Hydrolysis 

Pb-O O-Pb Pb-0 O-Pb 

II I [ I I I I 

O — M-OH+-HO-M — O - 0 — M-O-M — O+H, 0 
I I I I 

OR OR OR OR 

Condensation 

The characteristic of the PZT sol gel solution obtained in this manner is that the metallic oxides are 
40 polymerized through the hydrolysis and condensation in process 6 and process 7. 

This sol gel solution (source solution) is then coated on top of a substrate by the spin-coating method 
or the dip-coating method, for example, dried at a temperature of 1 00-300 °C, with the thin-coated sol gel 
film being changed into a dried gel condition (polymer gel). 

Next, a thin sintered film of Pb(Zr, Ti)0 3 with a perovskite crystal structure -- the thin PZT film - is 
45 formed from the dry gel through an oxidation sintering process in a high-temperature oxidizing atmosphere 
of above 600 ° C. 

However, it was confirmed that membrane formation is uneven when said thin PZT film is used as a 
dielectric film in a capacitor, for example, in a memory cell, and the electrical resistance is small. 

Through diligent examination for the objective of the invention, this inventor has discovered that the 
50 addition of titanium • isopropoxide and zirconium* n-butoxide to the lead acetate solution (methoxyethanol, 
for example, as the solvent) in the aforementioned process 3, and block distillation of these in the 
aforementioned process 4 for forming a double alkoxide, extends an adverse influence onto the polymeriza- 
tion of the alkoxide in processes 6 and 7 that follow. 

More precisely, each of the double alkoxides: PbTi0 2 {OCH(CH 3 ) 2 }2 and PbZr02{OCH 2 (CH2)2CH 3 }2 
55 formed in process 4 has different alcohol residues (OR), so the hydrolysis and condensation in process 6 
and process 7 do not uniformly advance, and different types of alcohol residues (OR) are mixed and 
present in the molecules formed in each of these reaction stages. 
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Such different alcohol residues, namely the isopropoxy group and the n-butoxy group, have a different 
reaction speed during hydrolysis and may react with other by-products in some cases. Therefore, it is 
highly possible that various types of molecular structures will be mixed and present in the condensation 
products formed, that structural separations will be caused, or various types of by-products will be formed. 

Moreover, methoxyethanol used as the solvent also participates in the reaction in. the manner below, so 
this solvent reacts with the alkoxide of process 3 during process 4 and mixes with the double alkoxide, 
further allowing the reaction to be nonuniform. This cannot be avoided even when the aforementioned 
alcohol residues (OR) are the same in both double alkoxides. 

Ti {(CH 3 ) 2 CHO}4 + 4CH 3 OC 2 H 4 OH -Ti(OCH 2 H^OCH 3 )4 + 4(CH 3 ) 2 CHOH 
Zr {CH 3 (CH 2 ) 2 CH 2 0}4 + 4CH3OC2H4OH -Zr(OC 2 H4 0CH 3 )4 + 4CH 3 (CH 2 ) 2 CH 2 OH 
Pb(CH 3 COO) 2 + Ti(OC 2 H4 0CH 3 )4 -PbTi0 2 (0C 2 H4OCH 3 ) 2 + 2CH 3 OC 2 H*OCOCH 3 
Pb(CH 3 COO) 2 + Zr(OC 2 H4 0CH 3 ) 4 -PbZr0 2 (OC 2 H4 0CH 3 ) 2 + 2CH 3 OC 2 H 4 OCOCH 3 

As described above, with respect to the existing sol gel solution, reactions of the double alkoxide during 
the manufacturing process, and the polymerization reaction through hydrolysis and condensation after- 
wards, occur nonuniformly. Therefore, membranaceousness and electrical characteristics such as re- 
manence, for example, of the thin PZT film formed, are easily insufficient and do not satisfy the 
performance demanded. 

Problems to be solved by the invention 

The aim of this invention is to provide: a method for forming a ferroelectric film having excellent 
membranaceousness and electrical characteristics as a result of uniform reactions during the preparatory 
processes for the sot gel solution, along with a satisfactory acceleration in the polymerization of the metallic 
oxides. It also concerns a method for manufacturing a capacitor using said film, as well as a method for 
preparing the source solution (sol gel solution), and the source solution itself. 

Means for solving the problems 

This inventor has elucidated the complicated reactions occurring during the aforementioned preparatory 
processes for the sol gel solution, has clarified the polymerization processes of a precursor of the metallic 
oxide (double alkoxide) by reviewing the processing conditions of the preparatory processes, and has 
established new preparatory processes. 

More precisely, in forming a ferroelectric film consisting of lead zirconate titanate by the sol gel method, 
this invention involves a process consisting of: 
a process (a) for obtaining fatty acid lead, 
a process (b) for obtaining titanium • alkoxide, 

a process (c) for obtaining zirconium* alkoxide that has the same alcohol residue as said titanium* alkox- 
40 ide, 

and a process (d) for forming lead titanium •double alkoxide and lead zirconium* double alkoxide by 
mixing together the aforementioned fatty acid lead, the aforementioned titanium* alkoxide, and the afore- 
mentioned zirconium •alkoxide. 

It is recommended that the method for forming the ferroelectric film in this invention consists of: 
45 a process (a) for forming fatty acid lead (lead acetate Pb(CH 3 COO) 2 , for example) in which a hydrate 

fatty acid lead (hydrate lead acetate Pb(CH 3 COO) 2 • 3H 2 0, for example) is first diluted by an alcohol solvent 
(methoxyethanol CH 3 OC 2 l-UOH, for example) then boiled at 120-1 80 *C, for example, for 30 min to 2 h in 
order to eliminate the water of crystallization, 

a process (b) for forming titanium* alkoxide (titanium* methoxyethoxide Ti(OC 2 hUOCH 3 )4, for example) 
50 through an alcohol exchange in which titanium • alkoxide (titanium Msopropoxide Ti{(CH 3 ) 2 CHO}4, for exam- 
ple) as the raw material is first diluted by the aforementioned alcohol solvent, then boiled at a temperature 
above the boiling point of the alcohol (isopropyl alcohol (CH 3 ) 2 CHOH, for example), which is an element of 
said titanium • alkoxide, (70-190 0 C, for example) for 30 min to 2 h, for example, 

a process (c) for forming zirconium* alkoxide (zirconium* methoxyethoxide Zr(OC 2 H4 0CH 3 ) 4 , for exam- 
55 pie) through an alcohol exchange in which zirconium* alkoxide (zirconium* n-butoxide Zr{CH 3 (CH 2 -) 2 CH 2 0>4, 
for example) as the raw material is first diluted by the aforementioned alcohol solvent, then boiled at a 
temperature above the boiling point of the alcohol (n-butyl alcohol CH 3 (CH 2 ) 2 CH 2 OH, for example), which is 
an element of said zirconium* alkoxide, (70-190 °C, for example) for 30 min to 2 h, for example, 
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and a process (d) for forming titanium lead •double alkoxide (titanium lead*dimethoxyethoxide PbTi02- 
(OC2HUOCH 3 )2, for example) and zirconium lead«double alkoxide (zirconium lead»dimethoxyethoxide 
PbZr02(OC2HvOCH 3 )2, for example) in which the aforementioned fatty acid lead, the aforementioned 
titanium •alkoxide formed through the aforementioned alcohol exchange, and the aforementioned 

5 zirconium •alkoxide are boiled at a temperature (1 20-200 ° C, for example) above the boiling points of the 
alcohol in the aforementioned alcohol solvent and the fatty acid ester (methoxyethyl acetate, for example), 
as the elements of the aforementioned fatty acid lead, for 3-10 h, for example. 

After forming said titanium lead- double alkoxide and zirconium lead* double alkoxide, ideally these 
reaction products are cooled to room temperature, the concentration is adjusted with the addition of the 

10 aforementioned alcohol, and hydrolysis and a condensation reaction are further provided for the aforemen- 
tioned reaction products through the addition of water and stirring (stirring for 12-36 h above the boiling 
point of water, for example) in order to polymerize the aforementioned reaction products. 

Precipitation of the products and formation of the by-products can be prevented by boiling the reaction 
solution at a temperature above 100*C after the polymerization of said reaction products. 

75 A stabilizer consisting of an alkanolamine (diethanolamine, for example) and/or jS-diketone (ac- 
etylacetone, for example) may be added in order to prevent the precipitation of the products at least during 
the process for forming the titanium lead -double alkoxide and zirconium lead* double alkoxide from each of 
the aforementioned processes. The amount added is preferably less than 1 .0 times that of the total number 
of moles of the constitutive metals of the ferroelectric film. 

20 Quaternary metallic elements such as lanthanum, niobium, and iron, for example, may be added during 
the forming process of the double alkoxide, for example, in the aforementioned processes in order to 
prevent fatigue (reduction in the remanence value) and a leakage of current through an inversion of the 
voltage applied when the formed thin PZT film is used. 

After preparing the source solution (sol gel solution) through the aforementioned polymerization of the 

25 reaction products using the method in this invention, a ferroelectric film can be formed by coating this 
source, forming a dry film by drying this coated source solution, and sintering said dry film. 

This invention also provides a method for manufacturing a capacitor (capacitor in a semiconductor 
memory device, for example) in which the ferroelectric film is formed by coating the aforementioned 
prepared source solution on top of an upper electrode, drying it, and sintering the obtained dry film, with 

30 the unnecessary portion of this film being eliminated and the ferroelectric film being left in a specific pattern 
on top of the aforementioned upper electrode, and with an upper electrode being further formed on top of 
said ferroelectric film. 

This invention also provides a method to prepare a source solution for the ferroelectric film through 
each of the aforementioned processes, and also provides the prepared source solution itself. 

35 

Brief explanation of the figures 

Reference will now be made, by way of example to the accompanying drawings, in which :- 

Figure 1 is a diagram that indicates the flow in a preparatory process of the source solution based on 
40 this invention. 

Figure is a diagram that indicates the flow in a process for forming the thin PZT film by the sol gel 
method based on this invention. 

Figure 3 is a diagram that indicates the C-V characteristics of the PZT film formed by the sol gel method 
using the source solution based on this invention. 
45 Figure 4 is a diagram that indicates the hysteresis curves of the same PZT film due to the remanence. 
Figure 5 is a diagram that indicates the l-V characteristics of the same PZT film. 

Figure 6(A) indicates a diagram that is a schematic cross section in a condition in which the thin PZT 
film is formed on top of the substrate; (B) is a diagram that indicates a schematic diagonal view of the 
same rupture. 

so Figure 7 shows SEM pictures exhibiting the flat face of the thin PZT film based on this invention in the 
condition in Figure 6(B). 

Figure 8 shows an SEM picture of a thin PZT film that is not based on this invention as in Figure 7. 
Figure 9 is a diagram that indicates an enlarged . cross section of one processing stage in the 
manufacturing method for a memory cell in dynamic RAM. 
55 Figure 10 is a diagram that indicates an enlarged cross section of another processing stage in the 
manufacturing method for the same memory cell. 

Figure 11 is a diagram that indicates an enlarged cross section of another processing stage in the 
manufacturing method for the same memory cell. 
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Figure 12 is a diagram that indicates an enlarg 
manufacturing method for the same memory cell. 
Figure 13 is a diagram that indicates an enlarg 
manufacturing method for the same memory cell. 
5 Figure 14 is a diagram that indicates an enlarg 
manufacturing method for the same memory cell. 
Figure 15 is a diagram that indicates an enlarg 
manufacturing method for the same memory cell. 

Figure 16 is a diagram that indicates an enlarged cross section of the same memory cell (diagram of a 
io cross section at line XVI-XVI in Figure 17). 

Figure 17 is a diagram that indicates an enlarged cross section of the same memory cell. 

Figure 18 is a diagram that indicates the flow in the preparatory process for the source solution that is 

not based on this invention. 
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75 Application example 



This invention will be explained in an application example below. 

First, the method to prepare the source solution (sol gel solution) used for forming the thin PZT film 
indicated in a specific example will be explained according to Figure 1 . 

20 The main processes in the preparatory method for this source solution consist of: process I in which 

water of crystallization in the hydrate lead triacetate Pb(CH 3 COO)2 *3H 2 0 is eliminated; processes II and III 
in which titanium • isopropoxide Ti{(CH 3 ) 2 CHO}4 and zirconium • n-butoxide Zr{CH 3 (CH 2 ) 2 CH 2 0}4 are re- 
spectively provided with an alcohol exchange after being diluted with a solvent (methoxyethanol 
CH3OC2H4OH); process IV in which a double alkoxide is formed and the by-products are eliminated at the 

25 same time; and processes VII and VIII in which polymerization through hydrolysis and the condensation 
reaction are accelerated. Each of the processes will be successively explained below. 



Process I (Elimination of the water of crystallization) 



30 The abbreviations of [CH 3 CO] = Ac (acetyl group) and [CH3OC2H4-] = Rm (methoxylethyl group) will 

be used with the intention to simplify the chemical formulas. The water of crystallization in the hydrate lead 
triacetate Pb(CH 3 COO) 2 • 3H 2 0 is eliminated in this process through heating above the boiling point of 
water, particularly at 120-1 80 °C (160 « C, for example) for 30 min to 2 h (1 h, for example). 

35 Pb(OAc) 2 .3H 2 0 - Pb(OAc) 2 + 3H 2 0 t (1) 



The following esterification takes place between the Ac groups and the Rm groups in succession to this 
elimination of the water of crystallization, and Pb(ORm)2 (lead»methoxyethoxide) and RmOAc(methoxyethyl 
acetate) being formed. 

40 

Pb(OAc) 2 + 4RmOH -* Pb(ORm) 2 + 2RmOAc + 2H 2 0 t (2) 

In this case, the amount of RmOAc formed is approximately 6% of the total Ac number of moles, 
indicating the effective co-existence of Pb(OAc) 2 and Pb(ORm) 2 in the solution in process I. 

45 

Process II (preparation of the Ti solution) 

An abbreviation of [(CH 3 ) 2 CH-] = R p (isopropyl group) is used here. The solvent CH 3 OC 2 H4 0H has a [- 
OH] (hydroxyl group) and performs an alcohol exchange between Ti(OR p ) 4 through boiling above the boiling 
50 point (82.5 0 C) of isopropyl alcohol R p OH, particularly 70-1 90 °C (160°C, for example), for 30 min to 2 h 
(1 h, for example). 



Ti (OR p )4 + xRmOH ~ Ti (OR p ) 4 -x(ORm) x + xR p OHt (3) 

55 This equation (3) is an equilibrium reaction, therefore, the value of x differs according to each of the 

initial concentrations, and Ti(ORm>4 can be obtained when x = 4. 
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Process III (preparation of the Zr solution) 

An abbreviation of [CH 3 (CH 2 ) 2 CH 2 -] = R b (n-butyl group) is used here. The solution CH 3 OC 2 H 4 OH has 
a [-OH] (hydroxyl group) and performs an alcohol exchange between Zr(OR b )* through boiling above the 
5 boiling point (117.4'C) of n-butanol R b OH, particularly 70-190 "C (160 0 C, for example), for 30 min to 2 h (1 
h, for example). 

Zr(OR b ) 4 +xRmOH ~ Zr(OR b ) 4 -x(ORm) x + xR b OHt (4) 

10 This equation (4) is an equilibrium reaction, so the value of x differs according to each of the initial 
concentrations, and Zr(ORm) 4 can be obtained when x = 4. 

Process IV (mixing of the solutions, preparation of double alkoxide, and elimination of the by-products) 

75 The solutions prepared in processes I, II, and III are mixed and the solvents R p OH, R b OH, and RmOAc 
are eliminated through heating and stirring (distillation) above the boiling point (143'C) of methoxyethyl 
RmOAc, particularly 1 20-200 *C (180*C, for example) for 3-10 h (6 h, for example). An elementary reaction 
formula for each solution is rearranged below. 

20 Process I : Pb(0Ac) x + 4 RmQH-* Pb(0ta)i +2RniOAc +2H*0 t * • • (2) 
Process II . Ti(0R# ) 1 + 4 RnQH— Ti (ORnD 4 + 4R , OHt • • - (3) 

Process III : ZrCOR * )<+ 4 RraOH^ Zr(0Rfl0« + 4 R % OH t • - • (4) 

25 

The concentration of the solution (methoxyethanol RmOH as the solvent: boiling point 124°C) at each 
of said processes is as listed below. 

0.01-2.0 mol/L as Pb(OAc) 2 : Pb(OAc) 2 • 3H 2 0, 0.275 mol/L, for example (The Pb concentration is 
30 excessive) 

Ti(OR p ) 4 : 0.05-1.0 mol/L, 0.125 mol/L, for example 

Zr(OR b ) 4 : 0.05 - 1.0 mol/L, 0.125 mol/L, for example 

The boiling points of the by-products here are as listed below. 

RpOH (isopropyl alcohol) :bp = 82.5 8 C 
35 R b OH (n-butanol) :bp = 117.4'C 

RmOAc (methoxyethyl acetate) :bp = 143.0°C 

As described above, the aforementioned elementary reactions (2) to (4) advance towards the right by 
eliminating R p Oh, R b OH, and RmOAc through distillation at 180*C, for example. However, as described 
above, RmOAc during distillation is stabilized at approximately 6% of the total Ac number of moles. 
40 Therefore, most of the Pb during process I is Pb(OAc)2, and a small amount of Pb(ORm) 2 coexists. The 
reactions continuously progress towards the right during processes II and III, and Ti(ORm)4 and Zr(ORm)4 
are mainly formed. 

The aforementioned reaction products react in the following manner in process IV, and double alkoxide 
PbTi0 2 (ORm) 2 and PbZr0 2 (ORm) 2 are formed. 

45 

Pb(0Ac) 2 + Ti(ORm) 4 - PbTi0 2 (ORm) 2 + 2RmOAc t (5) 
Pb(OAc) 2 + Zr(ORm)4 - PbZr0 2 (ORm) 2 + 2RmOAc t (6) 
so The double alkoxide obtained in this manner consists of the structural formula below. 



55 
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Pb-0 

I I 

0 — M -ORm 
I 

10 ORm 

(M(±T Zr)^ 

75 

Key: 1 (M represents Ti or Zr) 

20 The material remaining during this reaction after a distillation at 180°C, for example, consists mainly of 

the double alkoxide PbM0 2 (ORm) 2 ; a small amount of Pb(ORm) 2 and RmOH is also present. 

Process V (cooling) 

25 The high-temperature double alkoxide solution obtained in process IV is first cooled to room tempera- 

ture, and is shifted to process VI which follows. 



Process VI (adjustment of the concentration) 



30 The concentration of the double alkoxide increases according to the consumption or distillation of 

RmOH during the aforementioned process, so the solvent RmOH is added to dilute it to the desirable 
concentration. 



Process VII (addition of water = hydrolysis) 

35 

Water at a number of moles that is the same as the total number of moles of metal of the solution is 
added to the double alkoxide solution with an adjusted concentration to perform hydrolysis (however, 
RmOH may be further added). 

More precisely, the aforementioned organometallic compound (double alkoxide) is formed as an 
40 intermediate product in the solution obtained through distillation during process IV, and the -ORm groups 
that are present in such material undergo hydrolysis when encountering H 2 0, as indicated below, and are 
changed into [-OH] groups. 

-ORm + H 2 0 - -OH + RmOH 

45 

Furthermore, -OH condenses with other -OH, and the H 2 0 formed here again contributes to hydrolysis. 
-OH + HO O- +H 2 0 



50 Process VIII (stirring and polymerization of double alkoxide) 

[-ORm] is transformed into [-OH] in the aforementioned reaction and polymerization further advances 
through condensation. This can be sufficiently attained through stirring, particularly above the boiling point 
of water (120*C, for example), for 12-36 h (24 h, for example) according to the reaction indicated below (M 
55 represents Ti or Zr). 
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10 



15 



20 



25 



30 



35 



45 



Pb-O Pb-O 
II II 

O — M-ORm+H* O — 0 — M-OH+RmOH • • • (7) 
I ! 
ORm ORm 

Hydrolysis 

Pb-O O-Pb 
II II 
O — M-OH + HO-M — O 

I I 

ORm ORm 

Pb-0 O-Pb 

II II 
— O — M-O-M — O+Ht O • • • (8) 
I I 
ORm ORm 
Condensation 



The double alkoxide is polymerized as these reactions (7) and (8) successively advance. In this 
manner, a polymerized solution for the double alkoxide (metallic oxide) intended, which is a sol gel solution 
used to form the thin PZT film, can be obtained. 

Next, polymerization of the aforementioned Pb(ORm) 2 (methoxyethoxide lead) that is formed as an 
40 intermediate product will be considered. First, [-ORm] is transformed into [-OH] as in the equation below 
through the aforementioned hydrolysis, condensation of [-OH] occurs in succession, and [-Pb-O-] is 
polymerized through repeating these reactions. 



RmO-Pb-OH + HO-Pb-ORm-RmO-Pb-O-Pb-ORm + H 2 0 (10) 



As can be clearly observed in the explanation above, the preparatory method for the sol gel solution 
based on this invention is characterized by having the alcohol residue (ORm) for each of the reaction 
products titanium •alkoxide Ti(ORm) 4 and zirconium • alkoxide Zr(ORm)4, particularly during the forming 
process (process IV) of the double alkoxide, already matched in processes II and III. That characteristic 

so allows for a prominent interaction that could not be expected in the existing methods. 

More precisely, hydrolysis and condensation advance uniformly (without a substantial difference in each 
of the double alkoxides) in processes VII and VIII because the alcohol residue (ORm) for each of the 
aforementioned double alkoxides formed in process IV is the same. Accordingly, the alcohol residue in the 
high-molecular-weight compound of metallic oxides obtained becomes uniform, the molecular structure 

55 becomes constant (without structural separation), and the types of by-products (RmOAc) are reduced for 
easy elimination. 

Moreover, the same methoxyethanol (RmOH) is used as the solvent in all of the aforementioned 
processes I, II, and III, so the formation reaction and polymerization reaction of the aforementioned metallic 
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alkoxide and double alkoxide advance uniformly through the participation of this solvent in the reaction, and 
the types of by-products (RmOAc, for example) are reduced for easy elimination. 

With respect to the by-products, the processing temperature in processes II, III, and IV is established at 
above the boiling point of the by-products that are to be eliminated (H 2 0, RmOAc, R p OH, and R b OH), so 
5 undesirable by-products can be sufficiently eliminated and the polymerization reaction of the metallic oxide 
that follows can be more uniformly attained. 

Accordingly, a uniform formation reaction of the double alkoxide and a polymerization reaction through 
hydrolysis and condensation afterwards can be attained and by-products can be sufficiently eliminated with 
the sol gel solution prepared based on this invention. Therefore, intermolecular stress caused by the 
10 structural separation and decomposition of the organic groups can be lessened and defects in density such 
as pores, for example, can be reduced, and the thin PZT film formed has sufficient electrical characteristics 
such as the display of a smooth surface, a large remanence, and a small leakage of current, for example, 
thus satisfying the demands on performance. 

Precipitation from the solution can be prevented by boiling the solution at a temperature higher than 
75 100 • C after completion of the aforementioned process VIII. 

Quaternary metallic elements such as lanthanum, niobium, and iron, for example, may be added during 
the forming process of the double alkoxide, for example, among the aforementioned processes in order to 
prevent fatigue (reduction in the remanence value) and a leakage of current through an inversion of the 
voltage applied when the thin PZT film is being used. 
20 Precipitation of the reaction products in the solution can be prevented by adding an alkanolamine 

(diethanolamine, for example) and/or £-diketone (acetylacetone, for example) as a stabilizer. It is possible to 
advance the reaction by adding an appropriate amount of this stabilizer at least in process IV (however, 
such an addition in processes II and III is not recommended if circumstances allow) among the aforemen- 
tioned process II, process III, process IV, and process VIII. The amount added is recommended to be less 
25 than 1.0 times that of the total number of moles of metal of the constitutive elements of the ferroelectric film 
when the intention is to improve the performance of the thin PZT film (improvement of the remanence 
density, for example). 

Diethanolamine NH(C 2 H4 0H) 2 , for example, that is mixed as the stabilizer has the function of 
preventing the precipitation of M(OH) n through the binding and formation of {NH(C 2 H4 0-) 2 } n M, and the 

30 polymerization of the metallic atoms that are bound with NH(C 2 H*OH) 2 does not advance further. 

More precisely, the chemical equilibrium of Pb, which constitutes higher oxide polymers after con- 
densation, and H 2 0 remaining in the solution is indicated in the reaction formula of equation (11) below. Pb- 
(OH) 2 is formed through this reaction, NH(C 2 hUO-) 2 Pb is further formed in the reaction indicated in 
equation (12), and the condensation of [-Pb-O] stops. This reaction product is released from the inside of 

35 the film through a tentative sintering during the formation of the thin PZT film which will be described later, 
so less problems occur. A similar reaction does not only occur with Pb, but can also be considered for Ti 
and Zr; it is thought that the reaction of Pb with a weak binding preferentially advances. Accordingly, NH- 
(C 2 H4 0H) 2 has the function of preventing precipitation by controlling hydrolysis, and has the function of 
controlling the polymerization of [-Pb-O-]. 

40 

i i 

-M-O-P b -O-M-O- + 2H, O 

45 

I I 

I I 
— ► -M-OH + HO-Pb-OH -t- HO-M- •••(11) 

I I 

55 

OH-Pb-OH + NH(C 2 hkOH) 2 - NH(C 2 hUO-) 2 Pb + 2H 2 0 (12) 

A stabilizer such as diethanolamine, for example, can be added to a concentration of 0.25 mol/L, for 
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example, but such an addition is not required when the aforementioned reaction ideally advances, and is in 
a condition in which precipitation does not occur (not forming M(OH) n ). However, diethanolamine at 
approximately 10% of the total number of moles of metal can be added after stirring in the aforementioned 
process VIII in order to prevent precipitation when formation is expected after a period of time due to 
5 moisture in the air. 

H 2 0 is eliminated and the progress of the aforementioned reaction (11) is prevented, which stops M- 
(OH) n from being formed, when stirring in the aforementioned process VIII is performed above the boiling 
point of water, at approximately 120 e C, for example. 

Next, the method for forming the thin PZT film using the PZT sol gel solution prepared in the 
w aforementioned processes will be described in Figure 2. 

First, the sol gel solution obtained in the aforementioned preparatory processes (Figure 1) is coated 
over a Si substrate by the spin coat method (or the dip coat method) in process IX. A Pt film (thickness of 
2000 A) and a Ti film (thickness of 500 A) in this order from the top, as a lower electrode, are formed on 
top of a Si02 film (thickness of 1000 A) over the Si substrate by the sputtering method or the CVD method, 
15 with the aforementioned sol gel solution being coated upon the uppermost Pt film. The coating thickness 
when dried may be 2000 A. 

The substrate, onto which the sol gel solution is coated, is successively dried for 3 min, for example, 
over a heating block warmed to 1 00-300 *C (170*C, for example) in process X, and a tentative sintering is 
provided for 10 min, for example, at above 600 'C (650 'C, for example) in process XI. After repeating 
20 process IX to process XI for an intended number of times, a permanent sintering is provided for 1 h, for 
example, at above 600 • C (650 ° C, for example) in process XII. 

A thin PZT film with a thickness of 2000 A was obtained through said procedure. An Au upper electrode 
was formed by the sputtering method at the surface of the thin PZT film obtained; the electrical 
characteristics measured are indicated in Figures 3-5. 
25 Figure 3 indicates C-V curves that are measured by the Quasistatic method (quasistatic C-V measuring 

method: dV/dt = 0.2 V/sec). The measurement voltage is established between ±1.65 V and ±4.0 V. The 
capacitance of the thin PZT film formed by the solution based on this invention increases together with the 
measurement voltage as indicated by the solid lines, displaying characteristic peculiar to the ferroelectric 
film. 

30. Contrary to this, the capacitance of the thin PZT film formed with the existing solution (refer to Figure 
18) is small as indicated by the broken lines, even when the measurement voltage is ±4.0 V. 

Figure 4 indicates hysteresis curves that are determined by the C-V curves in Figure 3. The remanence 
value Pr of the thin PZT film based on this invention increases in proportion to the increase in * the 
measurement voltage as indicated by the solid lines, and a value of 19.0-20.0 uC/cm 2 was obtained during 
35 a measurement at ±4 V. This remanence density is at the level that allows for the storage of a large amount 
of electrical charge of 380-400 /fcum 2 when a capacitor in a nonvolatile memory, which will be described 
later, is prepared using the thin PZT film. This level far exceeds the 100 fc/um 2 that is required. The 
resistance electrical field Ec is small and switching is easy. 

Contrary to this, a remanence density of approximately only 10 uC/cm 2 was obtained with the existing 
40 thin PZT film as indicated by the broken lines even when the measuring voltage was ±4.0 V, and the 
resistance electrical field also increased. 

Figure 5 indicates the l-V curve of the thin PZT film. A relatively small value of less than 10~ 8 A/cm 2 
was obtained when a positive bias was applied to the upper Au electrode. This indicates that the leakage of 
current of the thin film formed by the solution prepared based on this invention is substantially small while 
45 the commonly reported value is large at 10~ 6 A/cm 2 . 

As schematically indicated in Figure 6(A), a broken section, as shown in Figure 6(B), is produced by 
forming the aforementioned upper electrode (Pt/Ti) (6) on top of a silicon substrate (1), forming a thin PZT 
film (7) on the top, and rupturing at the position indicated by line A-A in Figure 6(A). 

Figure 7 indicates SEM (scanning electron microscope) observed pictures of the surface of the thin 
50 PZT film based on this invention at the ruptured position. It can be observed that a smooth surface is 
formed with fine particles uniformly spread all over. It is thought that this brings about the aforementioned 
excellent characteristics. 

Contrary to this, the growth of the grains of PZT is relatively large at the surface of the existing thin 
PZT film and the smoothness of the surface is lacking, thus becoming the cause for the aforementioned 
55 deterioration in characteristics. 

Next, an example will be shown in which the thin PZT film, formed using the sol gel solution based on 
this invention, is used in a capacitor (stack type, for example) in a dynamic RAM memory cell, for example, 
which is a nonvolatile memory type. 
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First, an example of a dynamic RAM memory cell will be indicated in Figure 16 and Figure 17. 

An element region separated by a field oxide film (2) is formed at one main face of a P~type silicon 
substrate (1), for example, and to which a transfer gate TR, that consists of a MOS transistor and a memory 
cell M-CEL that consists of a capacitor CAP, are formed. 
5 An NMype source region (3) and an N + type drain region (4), for example, are respectively formed 

through impurity diffusion at the transfer gate TR. A word line WL is formed through a gate oxide film (5) 
between these regions, with a bit line BL being connected to the drain region (4) through a contact hole (11) 
in insulation layers (9) and (10) such as Si0 2 . 

The capacitor CAP is referred to as a stack type. A lower electrode (6) is connected to the source 
10 region (3) through a contact hole (12) in the insulating layer (10); the PZT ferroelectric film (7) and an upper 
electrode (8) are successively laminated on top of said lower electrode. 

The ferroelectric film (7), which contains the capacitor CAP, consists of PZT, which is the Pb(Zr, Ti)0 3 
film formed by the sol gel method using the aforementioned source solution based on this invention. The 
lower electrode (6) consists of a tungsten layer or a titanium layer, for example, with Pt deposited, for 
75 example, on top (however, the indication of Pt, for example, is eliminated in the figure). The upper electrode 
(8) that makes contact with the ferroelectric film consists of Pt, Au, or aluminium, for example. 

Next, the manufacturing method for this memory cell M-CEL will be explained in Figures 9-16. 

First, as indicated in Figure 9, a field oxide film (2) is formed on top of a P"-type silicon substrate 
(wafer) (1) by the selective oxidation process. A gate oxide film (5) and a polysilicon word line WL are 
20 respectively formed by the thermal oxidation method and the chemical gas-phase growth method. 
Furthermore, an NMype source region (3) and a drain region (4) are respectively formed through thermal 
diffusion of N-type impurities such as As. 

A contact hole (12) is formed by photolithography at a Si0 2 insulating layer (10) that is deposited onto 
the entire surface by the chemical gas-phase growth method over a source region (3). 
25 As indicated in Figure 10, a lower electrode (6), having a Pt layer on top of the tungsten or titanium 

layer, is successively formed in a manner such that it forms a junction with the source region (3) at the 
contact hole (12). This can be formed by providing a certain patterning to the tungsten or titanium layer or 
the Pt surface layer coated onto the entire surface by photolithography. 

Next, as indicated in Figure 11, a sol gel source solution (17) is coated onto the entire surface including 
30 the lower electrode (6) by the spin coat method or the dip coat method. This source solution (17) has the 
same composition as the solution (refer to Figure 1) described above. 

Next, the wafer coated with the source solution (17) is heated to a specific temperature (100-300^, 
170«C, for example) for 3 min, for example, the coated solution is dried, forming a dry gel film (27) as 
indicated in Figure 12. 

35 Next, after drying is completed, the wafer is tentatively sintered at a temperature that forms the 

perovskite crystals (above 600 -C, 650 'C, for example) for 10 min. It is then permanently sintered 
(oxidation sintering) at above 600 'C (650 "C, for example) for 60 min, for example, after repeating the 
aforementioned drying, with a ferroelectric film (7) being formed onto the entire surface as indicated in 
Figure 13. 

40 For forming the ferroelectric film (7) at a specific thickness (2000 A, for example), dry film layers are 

laminated and the final film thickness can be obtained, without reaching the intended thickness all at once, 
through repeating the coating process in Figure 11, the drying process in Figure 12, and the aforemen- 
tioned tentative sintering process as needed. 

Next, as indicated in Figure 14, the unnecessary portion of the thin ferroelectric film (7) formed onto the 
45 entire surface is eliminated by the dry etching method, for example, and the thin PZT ferroelectric film (7) is 
formed in a specific pattern on top of the lower electrode (6). 

Next, as indicated in Figure 15, an upper electrode (8) consisting of platinum, for example, is formed in 
a specific pattern at the junction with the thin ferroelectric film (7) by photolithography. 

Furthermore, interlayer insulating films (10) and (9), a contact hole (11), and a bit line BL are 
so respectively formed by publicly known methods, and a memory cell indicated in Figure 16 is prepared. 

The ferroelectric film (7) of the capacitor CAP in this memory cell is formed using the source solution 
based on this invention. Therefore, as described above, its film surface is flat, and the electrical 
characteristics consisting of a large remanence value and a small leakage of current can be obtained. 

An application example of this invention was explained above, but the aforementioned application 
55 example can be further modified based on the technical concepts of this invention. 

For example, instead of lead acetate, fatty acid lead compounds such as lead 2-ethylhexanoate and 
lead naphthenate can be used as a starting element for preparing the aforementioned sol gel source 
solution. 
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Instead of titanium •isopropoxide, titanium alkoxides such as titaniumtetraethoxide, titaniumtetra-n- 
butoxide, titanium-n-butoxide, and titanium-tetra-n-pentoxide can be used. 

Instead of zirconium • n-butoxide, zirconium alkoxides such as zirconium * isopropoxide, zirconium- 
tetraethoxide, zirconium-tetra-n-butoxide, and zirconium-tetra-n-pentoxide can be used. 

Each of these starting elements may be used as in one type or may be a combination of several types. 

The boiling temperature of each of the dilute alkoxide solutions in the aforementioned processes II and 
III may be established as mentioned below because the boiling point of isopropyl alcohol is 82.5 *C, the 
boiling point of n-butanol is 98-100 ° C, and the boiling point of ethyl alcohol is 78.3 °C. 

Ti-i-propoxide: 80-190 *C 

Ti-n-butoxide: 90-1 90 *C 

Ti-tetraethoxide: 70-1 90 • C 

Zr-i-propoxide: 80-190 °C 

Zr-n-butoxide: 90-190 °C 

Zr-tetraethoxide: 70-190°C 

Accordingly, the temperature of the thermal process in the aforementioned processes II to III, the 
aforementioned process I, and the aforementioned process IV can be established at 70-1 90 *C, 120-180 °C, 
and 1 20-200 °C, respectively. 

Instead of methoxyethanol, n-propanol, isopropanol, or n-butanol, for example, can be used as the 
solvent. 

Instead of diethanolamine, alkanolamines such as dipropanolamine and triethanolamine or £-diketones 
such as acetylacetone, applied jointly, can be used as the stabilizer. 

The composition of the ferroelectric substance that can be obtained in this invention may be varied. 
Also, the application is not limited only to the stack-type capacitors. A structure may be used in which the 
aforementioned stack-type capacitor is formed on top of a SiCb film and the lower electrode of said 
capacitor is extended and connected to the source region of the transfer gate. It can also be applied in a 
capacitor that is not a stack type, but has a structure in which the capacitor is integrated within a so-called 
trench (groove). 

Results of the function of the invention 

As described above in this invention, for forming a ferroelectric film consisting of lead zirconate titanate 
using the sol gel method; 

a process (a) for obtaining fatty acid lead, « 
a process (b) for obtaining titanium* alkoxide, 

a process (c) for obtaining zirconium •alkoxide having the same alcohol residues as said titanium • alkox- 
ide, . 

and a process (d) for forming lead titanium •double alkoxide and lead zirconium* double alkoxide by 
mixing the aforementioned fatty acid lead, the aforementioned titanium* alkoxide, and the aforementioned 
zirconium • alkoxide, are respectively performed, so that the hydrolysis and condensation that follow will 
advance uniformly (without a substantial difference in each of the double alkoxides) because the alcohol 
residue for each of the aforementioned double alkoxides formed in process (d) is the same. Accordingly, 
the alcohol residue in the obtained high-molecular-weight compound of metallic oxides becomes uniform, 
the molecular structure becomes constant (without structural separation), and the types of by-products are 
reduced for easy elimination. 

As a result, the intermolecular stress caused by structural separation and decomposition of the organic 
groups in the high polymer compound obtained can be reduced and density defects such as pores can be 
reduced. Thus, the thin PZT film formed from this sol gel solution has sufficient electrical characteristics 
such as the display of a smooth surface, a large remanence, and a small leakage of current, for example, 
and satisfies the demanded performance. 

Claims 

1. A method of forming a ferroelectric film consisting of lead zirconate titanate using the sol gel method 
comprising: 

obtaining fatty acid lead 
obtaining titanium* alkoxide; 

obtaining zirconium* alkoxide having substantially the same alcohol residues as said titanium •alkox- 
ide; and 
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forming lead titanium •double alkoxide and lead zirconium -double alkoxide by mixing the fatty acid 
lead, the titanium • alkoxide, and the zirconium* alkoxide. 

2. The method described in Claim 1 further comprising: 

5 forming a fatty acid lead [compound] with the water of crystallization eliminated by diluting a 

hydrate fatty acid lead with an alcohol solvent, then boiling it; 

forming titanium •alkoxide through alcohol exchange by diluting the titanium • alkoxide used as the 

raw material with the alcohol solvent, then boiling it at a temperature above the boiling point of the 

alcohol as an element of said titanium 'alkoxide; 
w forming zirconium • alkoxide through alcohol exchange by diluting zirconium • alkoxide as the raw 

material with the aforementioned alcohol solvent, then boiling it at a temperature above the boiling point 

of the alcohol as an element of said zirconium* alkoxide; and 

forming lead titanium* double alkoxide and lead zirconium* double alkoxide by boiling the fatty acid 

lead, the titanium* alkoxide formed through the alcohol exchange, and the zirconium* alkoxide at a 
75 temperature above the boiling point of the fatty acid and ester as elements of the alcohol of the 

aforementioned alcohol solvent and the aforementioned fatty acid lead. 

3. The method described in Claim 2, further comprising forming the lead titanium* double alkoxide and 
lead zirconium -double alkoxide, cooling the reaction products to room temperature, adjusting the 

20 concentration with the addition of an alcohol solvent, hydrolysising the reaction products through the 

addition of water and stirring, and polymerizing the reaction products through a condensation reaction. 

4. The method of any one of Claims 1-3, further comprising adding a stabilizer consisting of an 
alkanolamine and/or a £-diketone wherein the amount of said addition is less than 1 .0 times that of the 

25 total number of moles of metal for the constitutive metals of the ferroelectric film at least in the 

formation process of the lead titanium* double alkoxide and lead zirconium* double alkoxide. 

5. The method described in either Claim 3 or 4, further comprising polymerising the reaction products by 
stirring them at a temperature above the boiling point. 

30 

6. The method of any one of Claims 3-5, further comprising boiling the reaction solution at a temperature 
above 100% after polymerization of the reaction products. 

7. The method described in any of Claims 1-6, further comprising adding quaternary metallic elements 
35 such as lanthanum, niobium, and iron. 

8. The method described in any of Claims 3-7, for forming a ferroelectric film by first preparing a source 
solution through polymerization of the reaction products, coating said source solution, forming a dry 
film by drying said coated source solution, and sintering said dry film. 

40 

9. A method to manufacture a capacitor by forming a ferroelectric film on top of the lower electrode 
through coating and drying the source solution and sintering the dry film obtained and described in 
Claim 8, eliminating the unnecessary portion of said film and leaving the ferroelectric film in a specific 
pattern on top of the aforementioned lower electrode, and further forming an upper electrode on top of 

45 said ferroelectric film. 

10. The method described in Claim 9 for manufacturing a capacitor in a semiconductor memory device. 

11. A method for preparing a source solution in which the source solution for the ferroelectric film is 
so obtained through any one process described Claims 1-7. 

12. The source solution prepared through any one process described in Claims 1-7. 

13. A semiconductor memory device formed from the method of claim 10 or with the film formed from any 
55 of claims 1-9 or using the solution of claims 11 or 12. 
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FIG. 1 



Process I 



Hydrate lead triacetate Pb(CH 3 C0O)r3H2O 
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heating for a specific period of time 
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Polymerization through a 
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FIG. 2 



Process 51 



Process H 



Process X 



Process H 



Process M 



Preparation of the solution (FIG.l) 



Coating upon the substrate 



Drying 



Tentative sintering 



Permanent sintering 



Flow in the forming process for the 
PZT film 



Spin coat(or dip coat) 



100-300°C x specific period of 
time(170°C x3 min.for example) 

Above 600°C x specific period 
of time(65FCx10min,for example) 



Above 600°C x specific period of 
time(650°Cx 60min,for example) 
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FIG. 3 
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FIG. U 
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FIG. 6 
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FIG. 7 




SEM observed pictures of the surface of the PZT film 
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FIG. 8 
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FIG. 9 
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FIG. 11 
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FIG. 13 
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FIG. 15 
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FIG. 17 
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Process 1 



Dilution of hydrate lead triacetate 
Pb(CH 3 COO) 2 3H 2 0 with the solvent 



FIG. 18 
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Elimination of the water of 
crystallization 



Process 3 



Addition of titanium isopropoxide 
Ti[(CH 3 ) 2 CH0] t and 

addition of zirconium- n-butoxide 
Zr[CH 3 (CH 2 ) 2 CH 2 0],, 



Process L 



Distillation at 12Q-160°C 



Formation of Pb-Ti, Pb-Zr 
doubte atkoxide 



Process 5 
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Process 6 
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Hydrolysis 



Process 7 



Stirring 



Polymerization through a 
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Flow in the preparatory process for a common PZT sol gel solution 
Material for the PZT sol gel solution 
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Pb(CH 3 COO) 2 -3H 2 0 
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Titanium -isopropoxide 


Ti[(CH 3 ) 2 CHO] t 
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Zr[CH 3 (CH 2 ) 2 CH 2 0] ii 


0125 mol/l 
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(stabilizer) 


NH(CH 2 CH 2 OH) 2 


0,525 mol / 1 


Methoxyethanol 
(solvent) 


CH 3 0C 2 H (> 0H 
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